Background. Childhood-onset systemic lupus erythematosus (SLE) is frequently complicated with lupus nephritis (LN), which is characterized by the deposition of DNAcontaining immune complex to the glomerulus. Toll-like receptor 9 (TLR9), capable of recognizing the microbially derived CpG oligonucleotide, plays a crucial role in the innate immunity. TLR9 is also assumed to be related to the aetiology of SLE in the recognition of anti-DNA antibodycontaining immune complex, but this remains controversial. We conducted a study to elucidate the association between TLR9 and LN in childhood-onset SLE. Methods. We compared the expression and localization of TLR9 and the slit membrane-related protein in the biopsied kidney sample by immunostaining in four children with active or inactive LN. We also evaluated their laboratory findings, such as anti-DNA antibody, complement and proteinuria at biopsy, to assess the correlation to the findings of the immunostaining. Results. TLR9 is not expressed in a normal control kidney. However, TLR9 develops in podocytes only in active LN but disappears in remission. Meanwhile, the slit membrane-related proteins such as nephrin, podocin and synaptopodin in podocytes express clearly and uniformly in remission, but their expression is markedly diminished in active LN, which results in podocyte injury. When TLR9 is expressed in podocytes, all the patients simultaneously showed hypocomplementaemia, high titre of anti-doublestranded DNA (dsDNA) antibody and proteinuria. Conclusion. Injured podocytes in active LN express TLR9. This expression could be associated with proteinuria and increased anti-dsDNA antibody. This is the first report indicating that TLR9 is involved in the aetiology of LN and that it may play some role in podocyte injury.
Introduction
Systemic lupus erythematosus (SLE) is an inflammatory autoimmune disease characterized by production of a number of antinuclear antibodies such as double-stranded DNA (dsDNA) antibody. Lupus nephritis (LN) is associated with a high incidence of childhood-onset SLE, and it affects prognosis [1, 2] .
Toll-like receptors (TLRs) play a major role in innate immunity. Human TLRs have 10 family members, each recognizing distinct pathogen-associated molecular patterns (PAMPs) [3, 4] . When TLRs recognize PAMPs, MyD88 in the cytoplasmic compartment is activated, and nuclear localization of nuclear factor-kappa B is promoted, which leads to the production of inflammatory cytokines such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interferon-γ (IFN-γ) [3] . Of the TLRs, TLR9 specifically recognizes CpG motif-containing DNA (CpG DNA), a hypomethylated form of DNA typical of bacteria and DNA viruses [5] . TLRs that recognize the pathogenderived nucleic acid such as TLR7 and TLR9 can also respond to host-derived nucleic acid [6] . Immune complexes (IC) containing DNA or CpG DNA isolated from the sera of patients with active LN can cause aberrant TLR9 activation and the release of Th1-like cytokines or chemokines, or both, from plasmacytoid dendritic cells and autoreactive B cells [6] [7] [8] . An increase in serum levels of TNF-α and IL-6 are observed in active SLE [9, 10] . IFN-γ and TNF-α are expressed in glomeruli in human active LN [11] .
Recently, an association between TLR9 and LN has been reported in a murine lupus model and in human lupus, which indicates the possibility of a crosstalk between innate immunity and autoimmunity. For instance, TLR9 mRNA was detected in the kidneys of MRL lpr/lpr mice but not in the non-nephritic kidneys of wild-type MRL mice [12, 13] . Furthermore, anti-DNA autoantibody production was impaired in TLR9 gene-knockout lupus-prone mice [14] ; and CpG DNA exacerbated glomerulonephritis in a murine lupus model through activation of TLR9 [13, 15, 16] . Recently, Papadimitraki et al. reported that TLR9-expressing cells in the glomeruli in adult patients with LN, but identification of TLR9-expressing cells has not been performed [17] . As above, many reports suggest that TLR9 might have a strong association to the pathogenesis of SLE. However, it is still unclear how, when and where TLR9 is involved in the development of LN. We conducted a study to elucidate the association between TLR9 and development of LN in childhood-onset SLE.
Materials and methods
To elucidate the association between TLR9 and human LN, we have conducted an immunohistochemical investigation of the expression and localization of TLR9 in renal samples biopsied from patients with childhood-onset lupus. We also analysed the changes in the expression of TLR9 in both active and inactive LN. Additionally, we examined the expression of slit membrane-related proteins, such as nephrin, podocin and synaptopodin, because damage to the slit membrane is a cause of proteinuria or haematuria in acquired glomerular diseases [18, 19] .
Tissues
Four patients (two males and two females) included in this study with LN were followed up at Yokohama City University between September 1995 and December 2008. Their onsets of SLE were between 11 years and 1 month and 13 years and 11 months. Initial renal biopsies were performed on three patients within 1 month from onset, but one patient was biopsied (Patient 4) at 3 months from onset because of necessity of intensive care. Patients were chosen for this study because they were diagnosed as having diffuse proliferative LN, the severest form of LN. All patients had the second biopsy at remission of LN to evaluate the therapeutic effect of remission induction therapy and possibly taper the steroid and/or immunosuppressive agents. One had third biopsy at the relapse of LN. In total, nine renal biopsy specimens from the four children were used for this study. The profile of patients, laboratory findings and treatments at onset, time of biopsy, remission and relapse are shown in Table 1 . The use of these tissue samples was approved by the Institutional Ethics Board of Yokohama City University. Informed consent was obtained from all the patients and their parents.
Biopsy samples were fixed with 10% (v/v) of formalin and embedded in paraffin. Two histologically normal renal specimens from young adults were used as normal controls. These control samples were prepared from the normal regions of renal tissues surgically removed from young adults because of the presence of benign tumours. Histologically, each biopsy tissue sample contained at least 16 glomeruli (range: 16-40, average: 30) . Serial sections (3 μm thick) were cut from the paraffin blocks. The paraffin sections were stained with haematoxylin-eosin stain (HE), periodic acid-Schiff stain (PAS), and periodic acid silver-methenamine and HE (PASM-HE). The histopathologic diagnosis in LN was performed as described in the International Society of Nephrology/Renal Pathology Society Classification (ISN/RPS) 2003 [20] . Active LN in this study is defined as class IV (A) or IV (A/C) (ISN/RPS classification). In the case of class IV (A/C), if most of the lesions are active lesion such as endocapillary proliferation, wire-loop lesion or hyaline thrombi, we defined it as active (relapse in Patient 4 and onset in Patient 3). If most of the lesions are chronic lesions such as adhesions, sclerosis or scars, we defined it as inactive (remission in Patient 4).
Immunohistochemistry
The tissue sections were stained with monoclonal anti-synaptopodin antibody (G1D4, Progen, Heidelberg, Germany) and monoclonal anti-TLR9 antibody (26C593.2, Imgenex, San Diego, CA, USA). Synaptopodin is a specific marker for podocytes. Synaptopodin is a proline-rich protein intimately associated with the actin microfilaments present in the foot processes of podocytes. We performed immunohistochemistry of the kidney tissues from three normal controls, four patients summarized in Tables 1  and 2 , and another three children with active LN (ISN/RPS classification grade IV, proteinuria and anti-dsDNA antibody positive) (total number of subjects: controls n = 3, lupus n = 7).
The sections were thoroughly deparaffinized and rehydrated using standard protocols. Briefly, for antigen retrieval, the sections immersed in 10 mmol/L sodium citrate buffer, pH 6.0, were autoclaved at 120°C for 15 min and cooled at room temperature. The sections were next treated with 0.3% H 2 O 2 for 30 min at room temperature to inactivate endogenous peroxidase activity. Then, they were incubated with anti-TLR9 antibody diluted 1:100 with an Antibody Diluent (Dako, Copenhagen, Denmark) for 1 h at room temperature. To stain synaptopodin, more sections were incubated with pre-diluted anti-synaptopodin antibody for 1 h at room temperature. Next, they were washed three times with phosphate-buffered saline (PBS) and incubated for 1 h with EnVision™ Detection Reagent Peroxidase Rabbit/Mouse (Dako, Copenhagen, Denmark). After three further washings with PBS, peroxidase activity was detected using H 2 O 2 / diaminobenzidine substrate solution, and the sections were counterstained with haematoxylin before dehydration and mounting.
Immunofluorescence assay
The renal biopsy samples from the four patients summarized in Tables 1  and 2 were stained with mouse anti-nephrin antibody and rabbit antipodocin antibody. Monoclonal anti-nephrin 50A9 antibody and polyclonal anti-podocin antibody 2191 were kind gifts from Dr. Yan K (Kyorin University, Tokyo, Japan). Double-staining immunofluorescence assay was performed with anti-synaptopodin antibody (mouse monoclonal IgG1, G1D4, Progen, Heidelberg, Germany) and anti-TLR9 antibody (mouse monoclonal IgG2a, 5G5, Abcam, Cambridge, UK). For immunofluorescence microscopy, a renal tissue was quickly frozen in n-hexane and cooled at −70°C. Histologically, each frozen section from the biopsied tissue sample contained at least four glomeruli (range: 4-7, average: 5). The 10-μm-thick sections were cut by cryostat and fixed with chilled acetone for 10 min. Next, the sections were washed twice with PBS and incubated with anti-TLR9 antibody diluted 1:100 with 1% bovine albumin for 30 min at room temperature. After being washed twice with PBS, the sections were incubated for 30 min at room temperature with Alexa Fluor 488-conjugated goat anti-mouse IgG2a antibody (Molecular Probes, Invitrogen, Carlsbad, CA, USA) diluted 1:200 with 1% bovine albumin. They were washed twice again with PBS and incubated with anti-synaptopodin antibody diluted 1:100 with 1% bovine albumin for 30 min at room temperature. Then, they were incubated with Alexa Fluor 555-conjugated goat anti-mouse IgG1 antibody (Molecular Probes, Invitrogen, Carlsbad, CA, USA) diluted 1:200 with 1% bovine albumin for another 30 min at room temperature. Finally, they were washed once with PBS and mounted. The sections were examined with a fluorescence microscope (BX51, Olympus, Tokyo, Japan).
We additionally assessed the relation between TLR9 expression and disease activity. For distribution and quantification purposes, a semiquantitative score was assigned for glomerular TLR9, synaptopodin, nephrin and podocin expression according to the following patterns: −, negative; +, weakly positive; ++, strongly positive.
Results

Immunohistochemistry of TLR9 and synaptopodin in childhood-onset LN
In the normal kidney (n = 3), TLR9 was almost undetectable in either the tubular or the glomerular cells ( Figure 1A) . By contrast, in active LN, expression of TLR9 was observed in some glomerular cells (n = 7) ( Figure 1B) . Some TLR9-positive cells were found inside the glomerular capillaries, but most were outside and along the glomerular capillaries. These TLR9-positive cells were assumed from their localization to be glomerular epithelial cells (podocytes). Some tubular cells were weakly positive with TLR9 in LN ( Figure 1B) .
A normal kidney, used as a control (n = 3), showed uniformly strong staining of synaptopodin in podocytes ( Figure 1D ). In contrast, synaptopodin was stained weakly and inconsistently in active LN (n = 7) ( Figure 1E ). The degree of expression of synaptopodin in the glomeruli varied from a marked decrease to almost complete disappearance of protein expression. Based on the localization of synaptopodin-positive cells, the TLR9-positive glomerular cells observed in active LN are considered to be podocytes.
Immunofluorescence assay of TLR9 and synaptopodin and its association to clinical condition
To ascertain whether TLR9 is expressed in podocytes in active LN, double immunofluorescent staining with TLR9 and synaptopodin was performed (n = 4, Tables 1 and 2 ).
In the normal kidney, expression of TLR9 was negative in both glomerular and tubular cells, as shown in Figure 1A (and Figure 2A) . Synaptopodin was stained uniformly in the controls, as seen in Figure 1D (and Figure 2B ). Expression of TLR9 in the glomeruli was observed at the onset of lupus ( Figure 2D ) in all four patients. The overlaps of TLR9 and synaptopodin indicated that TLR9 was specif ically expressed in the podocytes ( Figure 2F ). TLR9 expression in the glomeruli disappeared on remission ( Figure 2G ) in all four patients but developed again when a relapse occurred in Patient 3 ( Figure 2J ). Meanwhile, the tubular cells showed weak but constant expression of TLR9 in all patients with SLE (Figures 2D, Figure 2H ). This change was observed in all glomeruli in all four patients (Table 2) . At the time of onset, all patients showed high titres of anti-dsDNA antibody and hypocomplementaemia ( Table 2 ). The nephritis of all patients was classified in class IV of the INS/RPS 2003 classification [20] (Table 2) , and remarkably, the tissue of all patients showed the intracapillary cellular proliferation. In remission, a decrease of anti-dsDNA antibody and recovery from hypocomplementaemia was observed in all of the patients (Table 2) .
Immunofluorescence assay of nephrin and podocin in glomeruli
In the normal kidney, both nephrin ( Figure 3A ) and podocin ( Figure 3B ) were demonstrated strongly and were distributed evenly among the glomeruli. In contrast, the immunostaining intensity with nephrin and podocin was reduced non-uniformly in all the patients' specimens at the onset of LN (Figures 3C, D) . Three of the four patients developed proteinuria at the onset (Table 1) . In remission, all of the patients showed recovery of the staining intensities and patterns of nephrin and podocin in a similar manner to the normal controls ( Figures 3E, F) . In Patient 3, the expression of both nephrin and podocin was weak and non-uniform in the glomeruli at the time of recurrence (Figures 3G, H) ( Table 2 ). Attenuation of the staining of nephrin and podocin was consistent to the presence of proteinuria.
Discussion
Although this report is a small cohort study about childhood-onset LN, this is the first report to show that injured podocytes in active LN develop TLR9 and that this expression was reversible dependent on the disease activity. TLR9 has been suspected to have some association to the aetiology of LN. Benigni et al. reported that tubular cells were positively stained with TLR9 in human LN and in the NZB × NZW mouse model, but not in glomerular cells [21] . Moreover, Papadimitraki et al. reported that TLR9 was expressed in both glomerular and tubular cells in 6 of 12 adult patients with LN [17] . However, the type of cells expressing TLR9 in glomeruli has been unknown. Five of six patients expressing TLR9 in glomeruli had a high activity index of LN and increase of anti-DNA antibody, but the six with inactive LN did not express TLR9 in glomeruli, which is consistent with our results (Table 2 ). These findings suggested that the presence of the anti-DNA antibody could be associated with TLR9 expression in the glomeruli and activity of LN. In addition, we ascertained TLR9 expressed to the podocyte for the first time, but they merely reported that TLR9 is expressed in cytoplasm and predominantly perinuclear lesions.
In our immunohistochemistry of active LN, most of the TLR9-positive cells which were localized adherent to the outside of the glomerular capillary walls, were thought to be podocytes because of their specific localization. Double immunofluorescent staining with TLR9 and synaptopodin clearly demonstrated that podocytes express TLR9 in active LN. A few of the TLR9-positive cells in the glomeruli or tubules may be infiltrating lymphocytes, monocytes and macrophages.
Up until now, knowledge of innate immunity in podocytes is particularly limited. There have been two reports about TLR4 being expressed on the podocyte's cell surface [22, 23] . In a mouse model, activation of TLR4 by lipopolysaccharide (LPS) produced chemokines and induced podocyte injury [22] . B lymphocytes and dendritic cells are activated and trigger innate immune responses by CpG TLR9 in renal podocytes in childhood-onset lupus nephritisDNA through TLR9, and produce various cytokines and chemokines [4, 24] . Circulating DNA-containing IC is deposited directly in the glomerular capillary wall in a mouse model [25] and in human LN, as could be recognized from the presence of TLR9 in podocytes. In the present study, we found that a high titre of anti-dsDNA antibody was observed in the patients' sera when TLR9 was expressed in the podocytes.
TLR9 signalling plays a crucial role in controlling bacterial and viral infections, but recent studies using autoimmune-prone mouse models have suggested that TLR9 is associated with the development of autoimmune diseases [3, 26, 27] . DNA/nucleosome/anti-DNA antibody complex can bind to TLR9, with subsequent activation of B lymphocytes that favours the development of autoimmunity [8, 26] . These cells produce pro-inflammatory cytokines and type I and II interferons. Increased expression of TLR9 on peripheral blood B cells from patients with active SLE was significantly correlated with the decrease of the CH 50 titre and the SLE Disease Activity Index (SLEDAI) to TLR9, and induced the production of anti-DNA antibody by TLR9-CpG ligation [28] . As a result, several studies were conducted to regulate or treat autoimmune diseases, especially SLE, via TLR modulation [29] [30] [31] . Blockade of TLR9 and TLR7 ameliorates LN in MRL/lpr mice and NZB × NZW mice [32, 33] . Modulation of TLR9 in podocytes and lymphocytes may be a future treatment option for LN.
Proteinuria clinically reflects damage to the podocytes, and in particular, the breakdown of slit membrane function. In this study, we also confirmed that the expression of the slit membrane-related proteins nephrin, podocin and synaptopodin is attenuated in active LN. These findings suggesting podocyte injury have been reported in many acquired glomerular diseases [18, 19, [34] [35] [36] [37] . We firstly demonstrate the recovery from the attenuated expression of these slit membrane-related proteins in conjunction with the remission of SLE. Our study revealed that TLR9 is expressed in the injured podocytes. From the viewpoint of innate immunity, this finding is very interesting. DNA-containing IC may be recognized as a 'danger signal' like other PAMPs. TLR9 could be developed by DNA-containing IC. However, further study is needed to elucidate whether the TLR9 expressed in injured podocytes causes inflammation or degrades DNA-containing IC, which may lead to a new therapeutic approach to SLE.
